Repair of DNA adducts appears to be an important mechanism in chemotherapy responsiveness in glioblastoma multiforme (GBM). Meta-analyses have suggested that the addition of chemotherapy increases the percentage of long-term survivors. Because GBM is characterized by multiplicity of pathways that characterize growth and treatment resistance, we hypothesized probing a multiplicity of repair factors may be able to identify more than one prognostic factor that may be utilized in molecularly targeted therapy that might improve survival and QOL. Seven DNA repair factors showed statistical significance when added to the initial logistic model of RPA class on length of survival status. After adjusting for RPA class the only statistically significant result of the multivariable logistic regressions for these 7 DNA repair factors was that as hMLH1-MF1 increased, the odds of being a short-term survivor versus a long-term survivor decreased (OR: 0.913, p=0.0385), multivariable analysis showed no associations between survival status and MGMT and p53 status, and the only statistically significant prognostic DNA repair factor was human Mut L Homologue 1 (hMLH1).
ABSTRACT
Repair of DNA adducts appears to be an important mechanism in chemotherapy responsiveness in glioblastoma multiforme (GBM). Meta-analyses have suggested that the addition of chemotherapy increases the percentage of long-term survivors. Because GBM is characterized by multiplicity of pathways that characterize growth and treatment resistance, we hypothesized probing a multiplicity of repair factors may be able to identify more than one prognostic factor that may be utilized in molecularly targeted therapy that might improve survival and QOL. Seven DNA repair factors showed statistical significance when added to the initial logistic model of RPA class on length of survival status. After adjusting for RPA class the only statistically significant result of the multivariable logistic regressions for these 7 DNA repair factors was that as hMLH1-MF1 increased, the odds of being a short-term survivor versus a long-term survivor decreased (OR: 0.913, 95% CI: 0.838-0.995, p=0.0385), multivariable analysis showed no associations between survival status and MGMT and p53 status, and the only statistically significant prognostic DNA repair factor was human Mut L Homologue 1 (hMLH1).
INTRODUCTION
Annually in the United States there are 22,500 cases of newly diagnosed malignant primary brain tumors in the adults, of which 70% are malignant gliomas. Approximately two thirds of malignant gliomas are GBMs that are characterized by devastating morbidity and a limited median survival with combined treatment of surgery, radiation and chemotherapy of 12-15 months. (1) (2) Meta-analyses have suggested that the addition of chemotherapy to surgery and radiation therapy may increase the one and two year survivals by 5-10% (3) (4) . A recent randomized trial by the European Organization for Research and Treatment of Cancer (EORTC) and the National Cancer Institute of Canada (NCIC) has established radiotherapy with concomitant and adjuvant temozolomide as the current standard of care for newly diagnosed GBM (5) . In this trial the median and 2-year survival rate for radiation alone versus radiation plus temozolomide was 12.1 months versus 14.6 month (p less than 0.001) and 10.4% versus 26.5%, respectively. It has long been clear that considerable variation in tumor response and survival are observed among patients with glioblastoma multiforme (GBM) receiving similar therapy. The Radiation Therapy Oncology Group (RTOG) has previously combined several prognostic factors (age, Karnofsky performance status [KPS] , and extent of surgical resection) in formulating prognostic categories utilizing recursive partitioning analysis (RPA) classes (6) .
While such clinical observations are valuable, there is clearly a need for further work aimed at elucidating the molecular mechanisms (molecular heterogeneity, invasive behavior, and multiplicity of growth pathways) underlying the differences among patients by identifying molecular factors with prognostic and predictive value. It is anticipated that such research may lead to increased refinement in prognostication and tailoring of therapy with resulting improvement in the outcomes of survival, toxicity, and quality of life. Methylating agents produce cytotoxic product O6 methylguanine DNA adduct, which initiates mismatch repair (MMR) pathway cycling, resulting in apoptotic cell death. Intact MMR is required for tumor cell kill by the two most commonly utilized classes of chemotherapy in the treatment of GBM; namely methylating (e.g. temozolomide and procarbazine) and alkylating (e.g. nitrosurea) agents.
Previous work has suggested that the ability of tumor cells to repair nitrosourea induced DNA adducts (see Figure 1 ) may be an important mechanism in predicting resistance to these agents. There are six potentially important repair factors for nitrosurea-induced DNA damage (7) . Clinical studies have correlated tumor cell levels of MGMT, a repair factor that can remove the chloroethyl adduct on the O-6 position of guanine, with response to nitrosurea and temozolmide and survival in patients with malignant gliomas (8) (9) (10) (11) . In vitro studies utilizing a variety of cell lines have suggested that deficiencies in any of several repair pathways render cells more sensitive to nitrosoureas. These pathways include MGMT, base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), and p53 (12) (13) (14) (15) (16) . Unfortunately, the repair pathways involved in the nitrosourea induced guanine-cytosine DNA interstrand cross-link have not been elucidated. However, studies of other types of interstrand cross-links have suggested that homologous recombination repair (HHR) may be important (17) .
In this study, we have examined the predictive value for survival of four factors that have been associated with nitrosourea sensitivity [MGMT; the DNA mismatch repair factors, human MutS homolog (hMSH2) and human MutL homolog (hMLH1); and p53] and four factors that have been associated with sensitivity to DNA interstrand cross-linking agents [excision repair cross-complimenting 1 and 4 (ERCC1, ERCC4 (XPF)), x-ray repair crosscomplimenting 2 and 3 (XRCC2, XRCC3)] by comparing their expression in the tumor cells of 28 long term survivors ( greater than 18 months) with those of 35 short term survivors (less than 6 months) (16).
MATERIALS AND METHODS
We retrieved from the RTOG tumor repository 63 pretreatment tumor samples from patients with newly diagnosed GBM who were enrolled on five Radiation Therapy Oncology Group (RTOG) protocols and had been Abbreviations: ERCC1, ERCC4: excision repair cross-compliment; XRCC2, XRCC3: x-ray repair cross-complimenting 2, 3.
MGMT: O-6-Methylguanine-DNA Methyltransferase; h-MLH1: human MutL homolog; hMSH2: human MutS homolog treated with combined radiation and nitrosurea chemotherapy. Survival time was calculated from the date of study registration to the time of death for short-term survivors, and to the time of death or last follow-up for long-term survivors. The tissue microarray was conducted on the basis of statistical review of protocols from which they were derived to identify patients who had survived either longer than 18 months (n=28) or less than 6 month (n=35). Data on patient prognostic factors and treatment were available from the RTOG clinical database but were not provided to the investigators during the study. Tumor microarrays were prepared from random areas of the tumor block selected by a pathologist for inclusion. Pathologist selected and marked all areas of block with viable tumor of greater than 75% without significant necrosis or inflammation. Three random areas from each block were selected to construct three replicate arrays, based on our previously published work on appropriate sampling techniques (18).
Immnohistochemistry (IHC)
Sections of the paraffin-embedded tumor tissue array were immunostained using an immunoperoxidase method with 3,3 diaminobenzidine as the substrate. Staining was performed on a DAKO Autostainer. Mouse monoclonal antibodies against human MGMT (Chemicon); MSH2, MLH1 (PharMingen); p53 (Dako); ERCC1, ERCC4, XRCC2, and XRCC3 (NeoMarkers) were used as the primary antibody ( Table 1 ). The secondary antibody was a biotinylated goat antimouse antibody (DAKO; prediluted).
Antibody binding was detected using horseradish peroxidase (LSAB2 System; DAKO). Appropriate controls were stained simultaneously. The slides were counterstained with hematoxylin (DAKO), dehydrated, and mounted. The percentage of positively stained cells and the mean intensity of staining were determined using an automated cell imaging system (ACIS; Chroma Vision). We have previously published several studies using this system (19) (20) . The tissue array stained with each antibody is digitally captured and presented to the pathologist. Area of tumor is selected for counting based on morphology. The threshold to optimize scoring was previously defined using digitally captured positive control materials. Negative controls for each assay were also evaluated. Table 1 shows the antibody clones, pretreatments, dilutions and controls used. The tissue microarray was enriched to include patients who had survived either longer than 18 months (long-term survival [LTS], n=28) or less than 6 months (short-term survival [STS], n = 35). Clinical data were available from the RTOG database. Samples were evaluated for expression of MGMT, hMLH1, hMSH2, p53, ERCC1, ERCC4, XRCC3 as determined by quantitative IHC.
Immunostaining was carried out as follows: Heat slides for 10 minutes in an 85-90 degrees C oven, Deparaffinize (rehydrate) through two 5 minute changes xylene, 2 rinses absolute ethanol, several dips in 95% ethanol, then rinse well in water. Place slides into citrate buffer for antigen retrieval into the pressure cooker with for 50 minutes. Rinse slides with tap water. Tap off excess water and carefully wipe around specimen and apply enough 3% hydrogen peroxide to cover specimen for 5 minutes at room temperature. Rinse slides in Tris Buffer. Wipe excess buffer from slides and set slides onto humidity chamber. Overlay PRIMARY antibody (See Table 1 
Statistical methods
Frequency tables with counts and percentages and summary statistics (median and range) were used to describe pretreatment characteristics and the DNA repair factors for each group. As shown in Table 2 , there are six potentially important repair factors for nitrosourea-induced DNA damage. Logistic regression models were used to identify associations of DNA repair factors with length of survival status (short-term vs. long-term). Since RPA class is a combination of several independent prognostic factors (age, KPS, neurological function, extent of resection, RT dose, and mental status), all multivariate models were adjusted for RPA class. The initial model is the logistic regression of RPA class on length of survival status. To select potentially important variables, the DNA repair factors were tested one at a time in the logistic model with Abbreviations: KPS, Karnofsky Performance Status; RPA, Recursive Partitioning Analysis; CT, chemotherapy; RTOG, Radiation Therapy Oncology Group; n/a, not applicable 1 Only 1 patient had gross confusion 2 This is calculated using age, KPS, extent of resection, mental status, neurological function, and RT dose.
3 BCNU 1,3-bis (2-chloroethyl)-1-nitrosourea; MeCCNU 1-(2-chloroethyl)-3-(4-methylcyclohexyl)-1-nitrosourea; DTIC 5-(3,3-dimethyl-1-triazeno)-imidazole-4-carboxamide RPA class. The difference between the initial model and the expanded model with the DNA repair factor has an approximate Chi-square distribution with one degree of freedom. Using a criterion of 0.10 for variable selection, those DNA repair factors that were found to be statistically significant were investigated. The odds ratios (OR) for each variable in the final multivariable logistic regression model along with their 95% confidence intervals (C.I.) and p-values are reported.
RESULTS
Patient pretreatment characteristics for the shortterm (STS) and long-term survivors (LTS) are shown in Table 3 . All patients received a nitrosourea, mostly BCNU Table 4 . There was a wide range for each factor among the individual tumor specimens. We hypothesized that because nitosurea DNA alkylation is a sequential process, which begins at guanine O-6 chlorethyl alkylation and concludes with DNA interstrand cross-linking (see Figure 1) , the effects of downstream repair factors may be more difficult to detect in the presence of high levels of upstream repair factors. Table 5 shows the results of the model fitting when each DNA repair factor was added one at a time to the initial logistic model of RPA class on length of survival status. Seven DNA repair factors showed statistical significance at the 0.10 level when added to the initial model. Table 6 contains the results of the multivariable logistic regression models for these 7 DNA repair factors. The only statistically significant result was that as hMLH1-MF1 increased, the odds of being a short-term survivor versus a long-term survivor decreased after adjusting for analysis showed no associations between survival status and MGMT and p53 status. The small number of patients in each survivor group made it neither possible nor meaningful to look at the DNA repair factors jointly.
DISCUSSION
In this study we have examined the possible roles of several DNA repair proteins as predictive factors for survival among patients with GBM receiving postoperative irradiation and nitrosoureas. Nitrosoureas are felt to produce their tumor cell cytotoxic effects by DNA damage, which leads to cell death through necrosis or induction of apoptosis. There are several normal cellular responses to DNA alkylation which include cell cycle arrest, attempts at repair, and an upregulation or heightened sensitization of the cellular apoptotic apparatus. Important mechanisms of tumor cell drug resistance include alterations in these normal pathways such as an increased efficiency of lesion repair or a decreased ability to signal apoptosis. DNA repair factors that have higher expression in short term GBM survivors are most likely acting through enhanced repair while those higher in the long survivors may be primarily inducing tumor cell death. Thus, if inclusion of chemotherapy increases the chances of long term survival for patients with GBM, it is reasonable to investigate chemotherapy resistance mechanisms as possible predictive factors for survival.
One strategy for selective and efficient tumor therapy is for DNA repair modulation to be targeted against tumor cells with suboptimal DNA repair. The multiplicity of GBM's molecular pathways necessitates the evaluation of more than one predictive or molecular marker. A feature that is common to human cell DNA repair is the redundancy it has for the removal of many lesions. Loss of one or more repair pathway does not fully disable the repair process but makes the tumor more dependent upon the remaining pathways for its growth. This could lead to exploiting the "Achilles' heel" of certain tumors: targeting the remaining pathways, upon which the tumor's growth is dependent, should improve the chances for better response (21).
MMR
One of the mechanisms of resistance to alkylating agents involves DNA mismatch repair pathways. Deficiency in MMR pathways can endow tumor cells with resistance to the cytotoxic effects of alkylating agents: This cytotoxic resistance can be explained as follows: The O-6-methylgunanine lesion can initiate apoptosis through sensing by the DNA MMR apparatus and signaling through the mitochondrial apoptosis pathway in a p53-dependent and independent manner (22) .
The MMR pathway is critical in mediating the cytotoxic effect of O-6-methylguanine. The MMR pathway, which is composed of several proteins (hMLH1, hMSH2, hMSH3, hMSH6, and hPMS2 (see Table 2 ) is programmed to correct errors in DNA base pairing that arise during DNA replication. During DNA replication, DNA polymerase mispairs O-6-methylguanine with thymine. This mispairing triggers MMR-dependent removal of the mispaired thymine leaving the O-6-methylguanine, which causes subsequent mispairing with yet another thymine leading to futile cycling of the MMR system, which causes accumulation of DNS double-strand breaks, which trigger p53-dependent cell cycle arrest and apoptosis (23) . Thus tumors that are deficient in MMR are relatively resistant to alkylating agents such as nitrosureas, temozolomide, and procarbazine. MMR deficiency can be caused by mutations in the hMLH1 or hMSH2 genes (hereditary nonpolyposis colon cancer) or due to methylation of the hMLH1 gene promoter, which is not known to occur in malignant gliomas and is known to occur in only five of the 60 cell lines in the National Cancer Institute tumor panel (24) .
A paradoxical relationship between MMR and drug sensitivity has been observed in studies in MMRdeficient cell lines. Some tumor cell lines defective in MMR have been reported to show greater sensitivity to nitrosoureas. These findings have led to the conclusion that MMR may be active in nitrosourea lesion repair, although other explanations such as effects of MMR on the G2/M cell cycle checkpoint are also possible (15-25-26) . In our study, conversely, we observed no subsets where MMR expression was higher in the short term survivors. Rather, our observations that MMR expression is lower in the short term GBM survivors irrespective of MGMT and p53 expression suggest that MMR is functioning through another mechanism, most likely, as explained above, through DNA lesion sensing and initiation of the apoptosis signaling pathways. Although MGMT can repair the cytotxic damage caused by alkylating agents, yet resistance to these agents can still be shown in tumors with low level of MGMT and MMR-deficiency ( see discussion under MGMT) (27) .
Our results confirmed the prognostic value of hMLH1 previously reported by other investigators. The MMR gene hMLH1 maintains genomic integrity by mediating the activation of cell cycle checkpoints and apoptosis. It may be active in nitrosurea lesion repair, predicts the clinical response of malignant astrocytomas to nitrosureas, recognizes the O-6-methylguanine DNA adducts formed by methylation agents (procarbazine and temozolomide), and potently triggers the apoptotic pathway (15-25-28-29) . In its absence, neither temozolomide nor BCNU can activate apoptosis (23) . Potential models, with emphasis upon hMLH1, need to be further investigated for possible interactions between DNA repair factors, their pathways, the lesions that are recognized and repaired by them, and their relevance to the choice of chemotherapy.
MGMT
The most important initial DNA lesion induced by BCNU appears to be a chloroethyl adduct on the 0-6 position of guanine. This lesion can be removed by MGMT, the DNA repair factor that has received the most attention in GBM patients to date. The O-6 adduct is capable of activating apoptosis, and this signaling is initiated by MMR, possibly through recognition of a mismatched base incorporated into the complimentary DNA strand (23) . Thus, it is of interest that our study failed to show a difference in expression of MGMT between the short and long surviving groups (Table 4) . While this may have been due, at least in part, to statistical power, it is possible that the effect of MGMT is complex and related to the functioning of other factors. It is known that tumors with low levels MGMT can still show resistance to the cytotoxic effects of alkylating agents suggesting other mechanisms of resistance (30) . Some of those mechanisms include:
MMR deficiency, p53 mutations, overexpression of anti-apoptotic proteins (Bcl-2 or Bcl-X1), or active BER pathway (27) (28) (29) (30) (31) . As has been reported by others an important interaction between MGMT and MMR does exist in patients receiving temozolomide (30) . Several prior studies have suggested that MGMT expression does correlate with response and survival in patients with gliomas (8-9-10). However, these studies have included patients with grade 3 and 4 gliomas and sometimes low grade tumors. Among these studies, only Jaeckle, et al. has presented a subset analysis by tumor grade in patients receiving nitrosoureas. These authors found that MGMT levels appeared to be considerably more predictive of survival in patients with anaplastic astrocytoma (median survivals 8 vs. 29 months for high and low MGMT) than GBM (7 vs. 12 months).
Studies examining MGMT promoter methylation also present some difficulties in interpretation. A negative correlation between methylation (presumably associated with lower MGMT levels) and survival was found in a population of patients with grade 3 and 4 tumors, and in patients with low grade astrocytomas . However, in patients with GBM receiving predominantly nitrosoureas as chemotherapy, one study found no correlation (33) .
Conversely, in GBM patients receiving temozolomide, a strong relationship was shown . In sum, these results suggest that pre-treatment MGMT status may have a predictive value for patients with GBM receiving nitrosoureas and maybe more important in patients receiving O-6 guanine methylating agents (34) .
The recently completed international GBM trial (EORTC/RTOG 0525) will help in further clarifying this issue.
p53
Inactivation of p53 has been associated with both increased and decreased sensitivity to nitrosoureas in vitro (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Likewise, p53 has been evaluated in a number of previous studies as an individual prognostic factor for patients with GBM with inconsistent results (35) . These complex variations may indicate that p53 is important but only in the context of intact relevant signaling pathways. p53 expression is usually difficult to detect by IHC unless the molecule has been stabilized by mutation or cellular stress such as chemotherapy exposure. In these instances, p53 binding by the E-3 ubiquitin ligase, MDM2, is prevented. Therefore, high p53 expression by IHC in unstressed cells has been suggested as a marker for missense mutated, and presumably non-functional, p53. In gliomas, as in other tumors, the concordance between high IHC expression and mutation is about 70-80% (36-37).
Although not a significant prognostic factor individually in our study, p53 appears to have important interactions with MMR and ERCC1. As with other DNA repair factors, p53 has a complex and incompletely understood relationship with MMR, likely involving other molecules such as ATM/ATR (38) (39) . MMR and p53 participate in nitrosourea sensitivity pathways in complex ways that are dependent and independent of each other and yet to be fully elucidated (23) . MMR/DNA interactions can result in phosphorylation of p53 on serine residues 15 and 392 with resultant stabilization (40) . In addition, at least one pathway of MMR related apoptosis signaling goes through p53 (41) . And recent data from our group and others have presented evidence that p53 may be a transcription factor for hMSH2, possibly participating in a feedback loop (42).
NER
NER factors ERCC1 and ERCC4 recognize and repair bulky DNA adducts (see Table 2 ). ERCC1 functions in the 5'-DNA nicking step of NER and may serve a similar role in HRR. Deficiencies of ERCC1 and ERCC4 seem to be most predictive of increased cyclophosphamide sensitivity in a panel of CHO excision repair mutant cell lines (43) . Unfortunately, there is little information regarding these two repair pathways in the repair of nitrosourea induced DNA adducts.
One group has suggested that expression of ERCC2, a component of NER, correlates in vitro with resistance to BCNU (14) . Alternatively, one group proposed a model of DNA interstrand cross-link repair that involves the ERCC 1 and ERCC 4 driver through a mechanism of recombinational repair (44) . The relationship of ERCC 1 /ERCC 4 to survival will need to be investigated in series larger than ours. The question of the relative contribution of HRR to nitrosourea sensitivity is also complicated by the observation that HRR is also important in the repair of double-strand DNA breaks induced by radiation a treatment also received by our patients (45) .
Limitations in this study include its retrospective nature and its small sample size. Retrospective studies have the flaw of not being able to adequately offer a satisfactory accounting or explanation for selection bias. The small sample is partly inherent in the fact that patients with GBMs have a short median survival time so it is a challenge to obtain pathology specimens on an adequate number of long-term survivors.
This study was a retrospective analysis and, therefore, was not designed to take statistical power into consideration. It needs to be emphasized that just because some associations were not found between the DNA repair factors and length of survival does not mean that these associations do not exist. A prospective study needs to be done to insure enough statistical power to find these associations if they truly exist.
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